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Observation of ionization-mediated transition from collisionless
interpenetration to collisional stagnation during merging of two supersonic
plasmas
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(Dated: 26 March 2019)
We present space- and time-resolved experimental data of head-on-merging, supersonic plasma jets (of an
argon/impurity mixture) in an initially collisionless regime for counter-streaming ions. The merging begins
with collisionless interpenetration followed by a transition to collisional stagnation. The transition occurs due
to an experimentally inferred rising mean-ionization level, which rapidly reduces the counter-streaming ion–
ion mean free path. The measurements demonstrate a specific mechanism by which a collisionless interaction
transitions to a collisional one and constrain collisionality and ionization models for plasmas with complex
equation of state.
The dynamics of colliding plasmas plays an impor-
tant role in, e.g., hohlraum plasmas in inertial con-
finement fusion,1 astrophysical shock waves,2 and ap-
plications such as pulsed laser deposition.3 Colliding
plasma interactions can often be in a regime that is nei-
ther purely collisional nor purely collisionless, a compli-
cated situation for modeling the interactions.4–7 Previous
experiments8–15 have reported observations of plasma
interpenetration on millimeter scales in laser-driven or
wire-array Z-pinch experiments. Here we present exper-
imental results from the head-on collision of two larger-
scale, railgun-driven supersonic plasma jets in a colli-
sionless regime for counter-streaming ions, in contrast
to our recent oblique-jet-merging results that were in
a much more collisional regime.16,17 In this Letter, we
identify collisionless plasma interpenetration transition-
ing to collisional stagnation between merging supersonic
plasmas in an initially collisionless counter-streaming ion
regime. Our diagnostic measurements, which span the
jet-interaction region, are spatially and temporally well-
resolved, allowing us to attribute the transition to an
experimentally inferred rising mean ionization Z¯ that
drastically reduces the inter-jet ion–ion collisional mean
free path, which scales as Z¯−4. The data are valu-
able for validating fundamental physics models of plasma
collisionality18 and ionization, especially in plasmas with
complex equations of state (EOS).
Experiments are performed on the Plasma Liner
Experiment.19–21 Pulsed-power-driven plasma railguns22
launch jets from two directly opposed ports on a spher-
ical vacuum chamber (Fig. 1). Each jet travels ≈ 1.1 m
before they interact near chamber center (z = 0 cm).
The working gas in the experiments presented here is
argon. The difference between chamber pressure rise af-
ter a plasma shot and after injection of only neutral gas
suggests the possibility of significant impurity levels in
a)Now at General Atomics, San Diego, CA; electronic mail:
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the plasma jet.16,17 Supported by observations of oxygen
and aluminum spectral lines, we can reasonably deduce
that impurities come from the railgun insulator material
(zirconium-toughened alumina), and so we estimate rel-
ative impurity percentages based on their relative abun-
dance in the insulator. An impurity sensitivity analy-
sis comparing bounding cases of 60% impurities, based
on the chamber pressure difference, and 10% impurities,
chosen due to the appearance of impurity spectral lines
at all times of interest, shows that our collisionality-based
physics conclusions are independent of the impurity per-
centage assumed within these bounds (see Table I). We
also consider mixtures with small amounts of carbon and
hydrogen, with no significant difference in results. The
analysis assuming a 40% argon, 60% impurities mix-
ture provides the most conservative collision lengths (i.e.,
shortest) and so will be used here. At the time of inter-
action the jets have ion density ni ∼ 10
14 cm−3, elec-
tron temperature Te ≈ 1–3 eV, and relative velocity
vrel ≈ 90 km/s, with radius ≈ 15 cm and length ≈ 50 cm.
We expect the magnetic field to be ∼ 1 mT, based on
extrapolation of the resistively decaying field measured
along the railgun nozzle;17 the ratio of magnetic field en-
ergy density to kinetic energy density is ∼ 10−4 and so
we treat the interaction as unmagnetized. The intra-jet
thermal collisionality is high, but the relevant collision
length for determining the nature of the interaction at
initial jet merging is the inter-jet ion collision length,
which we show is long.
Diagnostics in the interaction region include a DiCam
fast-framing (gate 20 ns) camera with a field of view
reaching from one railgun nozzle to past chamber cen-
ter (≈ 150 cm), a SpectraPro survey spectrometer with
a view diameter of ≈ 1.5 cm near z = 0 cm, and an
eight-chord laser interferometer23,24 with lines-of-sight
spanning the interaction region at 7.5 cm intervals, from
z = −30 cm to z = 22.5 cm (Fig. 2). The interferome-
ter phase shift ∆Φ is a line-integrated value sensitive to
both free electrons and electrons bound in ions and neu-
trals; to determine ni—here Z¯ ≥ 1 and so ni ≡ ne/Z¯—
requires knowledge of Z¯ and path length ℓ, which is es-
2FIG. 1. Cartoon of experimental setup.
timated from the full-width-half-maximum (FWHM) in
a fast-camera image lineout at the spectrometer chord
position divided by a factor of cos(30◦) to account for
the angle between interferometer line-of-sight and jet
axis. Spectrometer data and non-local-thermodynamic-
equilibrium PrismSPECT25,26 calculations together give
a lower bound on peak Te and Z¯ based on the appear-
ance or absence of spectral lines. Then ni is calculated
using ∆Φ = Ce(Z¯ − Err)
∫
ntotdℓ, where ntot = nn + ni
is the total ion-plus-neutral density (≈ ni in all cases
here), Ce = λe
2/4πǫ0mec
2 = 1.58 × 10−17 cm2 is the
phase sensitivity to electrons (λ = 561 nm is the laser
wavelength), and Err = 0.08 represents an upper bound
on the phase sensitivity to ions.17 PrismSPECT calcula-
tions are density dependent, and so the process is iterated
until self-consistent ni, Te, and Z¯ are reached.
16,19
Fast-camera images (Fig. 2) give an overview of the
two-jet interaction from diffuse emission at t = 35 µs to
a bright, well-defined structure at t = 60 µs. Interferom-
eter measurements (Fig. 3; chords are into-the-page in
Fig. 2) are from three sets of experiments: left-hand-side
(LHS) jet only, averaged over 7 shots; right-hand-side
(RHS) jet only, averaged over 7 shots; and merged-jet
experiments, averaged over 14 shots. Shot-to-shot repro-
ducibility is high;19 error bars indicating standard devi-
ation are small except for late times when they are in-
creased due to slight shifts in position of steep gradients.
Comparing these data sets (Fig. 3) allows us to compare
the merged-jet case with the superposition of the two
individual jets expected for simple interpenetration.
Inter-jet collision lengths are calculated for ion–ion,
ion–electron, and electron–electron collisions, taking all
ion species into account; PrismSPECT calculations in-
dicate that neutral density is < 0.3% at all times pre-
sented here and so we are justified in neglecting neutrals.
Electron–electron collision length is ℓe−e = vth,e/νe, us-
ing thermal collision frequency νe because the electron
thermal velocity vth,e ≫ vrel. We calculate both slowing
and perpendicular collision length scales for ion–ion and
ion–electron interactions, using ℓ = vrel/ν for all cases—
except ion–ion slowing length scale ℓi−i
′
s = vrel/4νs
27—
where the slowing frequency νs and perpendicular col-
TABLE I. Experimentally inferred plasma parameters and
calculated collision lengths for the 40% argon mixture (90%
argon mixture values, where different, are shown in parenthe-
ses). Collisionality estimates are qualitatively unchanged for
the two mixture assumptions. Inclusion of 1% each carbon
and hydrogen in both the 40% and 90% argon mixtures, and
inclusion of 5% each carbon and hydrogen in the 40% argon
mixture, leaves n, Te, and Z¯ unchanged.
t=35 µs t=40 µs
ni (10
14 cm−3) 1.5 (1.9) 2.5 (2.4)
Te (eV) 2.3 (1.7) 2.8
Z¯ 1.2 (1.0) 1.7 (1.8)
Zi Ar 1.2 (1.0) 1.8
O 1.0 1.2
Al 1.6 (1.1) 2.6
ℓe−e (cm) 0.054 (0.030) 0.035 (0.034)
ℓi−es (cm) Ar 400 (360) 110
O 220 (140) 92 (90)
Al 160 (200) 37 (36)
ℓi−i
′
s (cm) Ar 1000 (2000) 140 (170)
O 390 (500) 81 (92)
Al 350 (950) 41 (48)
Interaction width (cm) 21–30 28–30
lision frequency ν⊥ are calculated in the slow limit for
ion–electron and the fast limit for ion–ion.28 In this pa-
rameter range ℓ⊥ > ℓs, and so we present only the latter.
Electron–electron collision length is ℓe−e = vth,e/νe, us-
ing thermal collision frequency νe because the electron
thermal velocity vth,e ≫ vrel. The total inter-jet ion–
ion collision length for an ion species, taking interspecies
collisions into account, is calculated by summing the col-
lision frequencies for each collision type, e.g., for argon:
ℓAr−i
′
s = vrel/
[
4 (νAr−Ars + ν
Ar−O
s + ν
Ar−Al
s )
]
.
In the case of ideal simple interpenetration, the in-
terferometer trace in the two-jet experiment will be the
sum of the two single-jet experiment traces. Figure 3
shows that the jet interaction is close to ideal simple in-
terpenetration at early time, t = 34–37 µs: ∆Φ in two-jet
experiments is nearly identical to the sum of single-jet
experiment ∆Φ at all z positions for t = 34–36 µs and
within error bars for t = 37 µs (Fig. 3). The merged-
jet ∆Φ = 3.1◦ at z = 0 cm, t = 35 µs (Fig. 3). Using
Z¯ = 1.2 inferred from spectroscopic measurements and
PrismSPECT calculations, and ℓ = 20 cm, this ∆Φ corre-
sponds to ni = 1.5×10
14 cm−3. Single-jet interferometer
traces (Fig. 3) indicate that both jets contribute to the
total merged ∆Φ, making this an upper bound on ni of
each of the individual interpenetrating plasma jets. We
determine relative velocity of the two merging jets from
the time-resolved single-jet interferometer traces:19 a lin-
ear fit to the arrival time of ∆Φpeak at each chord gives
a velocity of 41 km/s (R2 = 0.89) for the LHS jet and
49 km/s (R2 = 0.48) for the RHS jet. This velocity rep-
3Spectrometer view
Interferometer chords Railgun
nozzle
z = 0 
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FIG. 2. False-color fast-camera images (shots #1834, 1833, 1836, 1837, 1838, 1845). Images are 12 bit and have been
logarithmically scaled. Interferometer and spectrometer chord positions are indicated in (a), (b), and (f) for comparison with
Figs. 3(b), (g), and (l), below. Lineouts in Figs. 5 and 6 are taken from approximately along the line of the interferometer
chords indicated in (b) and (f), respectively.
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FIG. 3. Time-resolved interferometer measurements comparing single-jet (shots #1846-1860) and merged-jet (shots #1832-
1845) experiments. Comparing average merged-jet traces (black) with the sum (red) of average single-jet traces (blue and green)
shows that the jets interpenetrate for t = 34–37 µs (row 1), ionization increases the merged-jet phase shift for t = 38–41 µs
(row 2), and the plasma has stagnated by t = 60 µs (row 3). Error bars indicate standard deviation. Note change in vertical
scale and inter-plot time step between rows 2 and 3.
resents the jet bulk; the diffuse leading edge interacting
here is moving at a higher velocity due to jet expansion,
so the quoted velocities are a lower bound at t = 35 µs,
giving a conservative underestimate of collision lengths.
The appearance of emission at chamber center in two-
jet experiments, but not in single-jet experiments, sug-
gests that the jets do interact, if minimally, as they in-
terpenetrate at early time. This is confirmed by spec-
troscopic measurements at z = 0 cm, t = 35 µs, which
give Te = 2.3 eV [based on the appearance of the Ar II
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FIG. 4. Spectroscopic measurements for t = 35 µs (shot
#1834) and t = 40 µs (shot #1833), near z = 0 cm [see
Fig. 2(a) & (b) for spectrometer chord position]. Lines used
to determine Te, 514.7 nm (Ar II) for the t = 35 µs case and
451.4 nm (Al III) for the t = 40 µs case, are indicated with
an asterisk.
28 cm
FIG. 5. Fast-camera image [Fig. 2(b)] lineout vs. z through
z = 0 cm interferometer chord for t = 40 µs (shot #1833).
Horizontal line indicates FWHM=28 cm.
line at 514.7 nm, (Fig. 4)], greater than the Te = 1.9 eV
measured at the railgun nozzle. The experimentally in-
ferred Z¯ = 1.2 is unchanged from nozzle to interaction
region, so the only measurable interaction effect as the
jets interpenetrate is a slight temperature increase.
The observation of jet interpenetration suggests that
collisionality between ions of one jet and ions and elec-
trons of the opposing jet is low. We verify this by calcu-
lating inter-jet collision lengths and comparing them to
the scale size of the experiment. Using vrel = 90 km/s,
ni = 1.5 × 10
14 cm−3, Te = 2.3 eV, and Z¯ = 1.2, we
calculate inter-jet collision lengths, presented in Table I.
All ion collision lengths for t = 35 µs are significantly
longer than the length scale of the experiment, which we
estimate as ≈ 21 cm from a fast-camera image lineout or
≈ 30 cm based on interferometer values. This is consis-
tent with the observation that the jets interpenetrate.
As the higher-density bulk of the jet arrives at chamber
center (leading edges are interpenetrating at t = 35 µs;
∆Φpeak reaches chamber center at t ≈ 42 and 46 µs for
the LHS and RHS jet, respectively), the collision scale
lengths drop and Z¯ increases. At t = 40 µs the two-jet
∆Φ is greater than the sum of single-jet ∆Φ in the region
from z = −22.5 to −7.5 cm (Fig. 3).
An increase in merged-jet ∆Φ over the sum of single-
jet ∆Φ indicates that the jets are no longer simply in-
terpenetrating. The merged-jet phase shift at z = 0 cm,
t = 40 µs is ∆Φ = 8.1◦, for which our iterative pro-
cess (using ℓ = 22 cm) gives ni = 2.5 × 10
14 cm−3,
Te = 2.8 eV [based on the appearance of the Al III line
at 451.4 nm, (Fig. 4)], and Z¯ = 1.7. Again, because
the jets have interpenetrated, this bounds the ni of the
individual jets. Table I lists collision scale lengths cal-
culated with these values. The increase in ∆Φ in the
merged-jet case over the simple-interpenetration case is
consistent with a Z¯ increase rather than an ni increase at
t = 40 µs. The inferred Z¯ = 1.7–1.8 is a factor of ≈ 1.4–
1.8 greater than the Z¯ = 1.0–1.2 for interpenetrating jets
at t = 35 µs.29 The ratio of the ∆Φ in the merged-jet case
to ∆Φ for the sum of single jets at z = 0 cm, t = 40 µs
is 8.1◦/5.9◦ ≈ 1.4; thus, increased ionization is sufficient
to account for the increase in ∆Φ between the two cases.
Interferometer measurements at t = 40 µs indicate
that the width of the ∆Φ increase is 15–30 cm (the dif-
ference between merged-jet and single-jet ∆Φ exceeds
error bars at z = −22.5,−15,−7.5 cm but not at z =
−30, 0 cm). The region of increased emission in fast
camera images aligns with the increased ∆Φ in inter-
ferometer measurements [compare Figs. 2(b) and 3(g)].
A horizontal lineout of the fast-camera image shows that
the region of increased emission has a FWHM of 28 cm
(Fig. 5). Both of these estimates are of the same order
as ℓAl−i
′
s ≈ ℓ
Al−e
s ≈ 40 cm at t = 40 µs. Because the
slowing lengths have now dropped to the order of the in-
teraction width, we expect to see plasma stagnation as
the interaction progresses.
Plasma stagnation leads to formation of a large, pro-
nounced peak in the interferometer trace, with ∆Φpeak =
59.1◦, by t = 60 µs. Because shot-to-shot variation
in ∆Φ increases at later times, the interferometer data
for the individual shot shown in the fast-camera im-
age in Fig. 2(f) (#1845) is plotted along with the 14-
shot-averaged data in Fig. 6(a). For the individual
trace, a pronounced peak spanning two interferometer
chords drops off to 1/8–1/3 the peak value on either
side (∆Φ = 43.6◦ and 57.7◦ to ∆Φ = 13.1◦ and 7.0◦).
This peak aligns with the region of increased emission in
Fig. 3(f); a lineout of the image [Fig. 6(b)] shows that
the increased emission has a FWHM of 12 cm and is
centered between the two high-∆Φ chord positions. The
spectrometer view is near z = 0 cm at the peak edge and
measures ∆Φ = 43.6◦; with ℓ = 29 cm this corresponds
to ni = 1.3 × 10
15 cm−3, Te = 2.2 eV, and Z¯ = 1.4.
A jet velocity of 45 km/s corresponds to Mach number
M ≈ 8.5 (calculated with t = 40 µs plasma values), im-
plying minimal expansion of the plasma normal to the jet
velocity. Because ℓ = 29 cm may be an underestimate,
we also evaluate plasma conditions assuming ℓ = 44 cm
(estimated from the full-width-10%-maximum), obtain-
ing ni = 6.6× 10
14 cm−3, Te = 2.4 eV, and Z¯ = 1.5.
The stagnated plasma has led to structure consistent
with collisional shocks by t = 60 µs, as inferred from the
observed ni-transition scale of ≤ 7.5 cm [Fig. 6(a)] be-
ing comparable to the predicted shock thickness, which
is of order the post-shock thermal ion mean-free-path
λmfp,i.
30 We use a one-dimensional shock model, which
is justified based on our observations of minimal expan-
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FIG. 6. (a) Interferometer measurements for t = 60 µs:
merged-jet shot #1845 (black) and average of merged-jet
shots (gray). Error bars indicate standard deviation. Struc-
ture is consistent with shock formation, with the peak in the
black trace corresponding to postulated post-shock plasma,
bounded on both sides by postulated shocks (the drop-off be-
tween chords at z = 0 and −7.5 cm and chords at z = 7.5
and 15 cm). (b) Fast-camera image lineout [Fig. 2(f)] vs. z
through the z = 0 cm interferometer chord for t = 60 µs (shot
#1845). Increased emission aligns with peak, suggesting post-
shock plasma in (a). Horizontal line indicates FWHM=12 cm.
sion normal to the jet velocity, to estimate post-shock ion
temperature. Assuming that Te does not change across
the shock,30 this predicts post-shock Ti = 61 eV for both
cases calculated above, and shock width λmfp,i ≈ 2–3 cm,
consistent with the observed scale of ≤ 7.5 cm.
In summary, we have presented a concrete example of
colliding supersonic plasmas in an initially collisionless
regime for counter-streaming ions, transitioning from col-
lisionless interpenetration to collisional stagnation owing
to dynamically rising Z¯. In the interpenetration stage,
inter-jet collision lengths are much greater than the ex-
perimental length scale, consistent with simple interpen-
etration seen in interferometer measurements. In the
increasing-Z¯ phase, the inter-jet ℓi−es and ℓ
i−i′
s are on
the same order as the emission FWHM and width of the
interferometer ∆Φ peak. Finally, in the stagnation stage,
ℓi−i
′
s values decrease to the interaction region width, lead-
ing to structure consistent with collisional shock forma-
tion. These measurements provide an opportunity to
validate fundamental physics models used to calculate
plasma collisionality18 and ionization in plasmas with
complex EOS.
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